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Abstract 
We have studied some properties of the powerful solar flare of January 20, 2005 by methods of nuclear lines analysis. The results 
of temporal profiles investigation in corresponding to neutron capture energy bands allow the supposition about predominant 
acceleration of 3He ions in the corona, their subsequent propagation to the low chromosphere and the photosphere where the area 
of 2.223 MeV Ȗ-line effective productions is located. The characteristics of accelerated 3He ions propagation processes and the 
basic explanation of observable properties of this solar flare due to the variations of 3He content are discussed in the presented 
article. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). 
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1. Introduction 
Using the previously proposed method [1, 2] we have simulated the temporal profile of 2.223 MeV Ȗ-emission 
production during the powerful solar event of January 20, 2005 by nuclear physics methods. According to GOES X-
ray data in the range of 0.1–8 nm, the flare of January 20, 2005 (class X7.1, ball 3B, helio-coordinates N14, W61) 
began at 06:36 UT, had a maximum at 07:01 UT and finished at 07:26 UT. It was the most powerful in the series of 
January 2005 flares and one of the most intensive of observed solar events [3, 4]. Bremsstrahlung from relativistic 
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electrons and different types of nuclear narrow and broad Ȗ-lines has been registered during the period of the flare. 
The nuclear lines give opportunity to receive information about ion acceleration and properties of surrounding 
medium. This flare gamma-emission was registered in wide energy band by RHESSI detectors [5], anticoincidence 
system of INTEGRAL [6] and SONG-D detector [7] onboard CORONAS-F satellite [8, 9] in two different 
experiments: SONG-D with electronic system SONG-D [7, 10] and AVS-F apparatus as electronic system for 
SONG-D detector [11-13]. 
We have based our investigation on gamma-emission data obtained by AVS-F apparatus from SONG-D detector 
onboard CORONAS-F satellite. During the flare rising phase (determined on the base of the GOES data) J-emission 
in two energy bands (0.1-20 MeV and 2-140 MeV) was observed by AVS-F apparatus onboard CORONAS-F 
satellite [14, 12]. The wide range energy spectrum of January 20, 2005 solar flare obtained by data of AVS-F 
apparatus (detector SONG-D) is presented on the Fig. 1a. Nuclear, positron and neutron capture on H lines, as well 
as the spectral feature corresponding to the decay of neutral pions were detected in the flare energy spectrum during 
the whole time of the flare J-emission observations by AVS-F. The spectral feature was observed in the region of 15-
21 MeV at the 2.5 and 3 standard deviation levels at 06:44:52-06:51:16 UT and 06:47:00-06:49:08 UT respectively 
[12, 14]. It was registered in six independent spectra observed one after the other, started at 06:42:43 UT January 25, 
2005. It means that this is a trend. The intensity ratio of this feature to the lines at 2.223 MeV and 4.44 MeV was 
a7u10-4 and a5u10-3 correspondingly [15, 16]. 
This spectral feature could be the combination of the 15.11 MeV line produced by excited states of 12C and the 
20.58 MeV line from neutron capture on 3He. This feature intensity ratio to the lines at 2.223 MeV and 4.44 MeV  is 
comparable with estimations for both the 15.11 MeV and 20.58 MeV lines. However the content of 15.11 MeV line 
in spectral feature in the band of 15-21 MeV observed during January 20, 2005 flare is less than 45% [15] and 20.58 
MeV line gives essential contribution in the peculiarity in this energy band [15, 16]. 
 
Fig. 1. Energy spectrum of the January 20, 2005 X7.1 solar flare by data of: a) AVS-F/SONG-D (adopted from [14];  b) RHESSI (adopted from
[18]: solid black curve with points – observed spectrum, dotted line – bremsstrahlung part, dashed curve – contribution of broad nuclear lines,
dashed dotted curve – contribution of narrow nuclear lines). The significance levels of spectral features at 0.847 MeV and 0.931MeV are
comparable.  
Other additional reason to suppose the enhanced abundance of 3He during solar event is the registration of the 
spectral line complex (0.937, 1.04 and 1.08 MeV) produced by de-excitation of 18F* formed in direct reactions of 
accelerated 3He nuclei with ambient oxygen ones. This lines complex was observed in some solar flares [2, 17, 18, 
21] and there are some evidences for 0.937 MeV line registration in the summarized energy spectrum during event 
January 20, 2005 [12, 14]. In the energy spectrum of the January 20, 2005 flare obtained from RHESSI data (see 
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Fig. 1b) a weak feature is presented at energies 0.9-1.0 MeV. This line could be [19, 20] the part of three-lines 
complex formed during the process of the de-excitation of 18F*: 0.937, 1.04 and 1.08 MeV produced in the reaction  
3He+16O o p+ 18F+J, or 0.931 MeV feature produced in interactions of accelerated D-particles with ambient 56Fe. 
However observed in RHESSI spectra feature is slightly less intensive than the 0.847 MeV line from 56Fe and can be 
interpreted as the 0.937 MeV 18F line because in the case that it is 0.931 MeV line the count rate ratio of this line to 
0.847 MeV should be smaller according to results of [19]. 
2. Modeling of 2.223 MeV Ȗ-line time profile of the 20 January 2005 solar flare 
In our calculations we have used the previously proposed in SINP MSU statistical modeling method, and relevant 
code make possible to simulate temporal profile of neutron capture line gamma-emission (2.223 MeV) in the cases 
of different conditions in the solar flare region of nuclear reactions. Therefore, comparing calculated and measured 
characteristics, we can reveal some solar flare parameters: both accelerated particles and surrounding media 
characteristics.  
This method allowed us to conclude that the model of the solar atmosphere density during flare differs from the 
model of quiet Sun and enhancements in the deep layers of the photosphere occur for all investigated flares: 
November 6, 1997 [21], March 22, 1991, December 16, 1988 and October 28, 2003 [22].  However, results of the 
temporal profile of 2.223 MeV line of the January 20, 2005 solar flare analysis allow to conclude enhanced 3He 
content in the region of nuclear reactions. Actually, the radiatonless absorbtions of neutrons by 3He nuclei may be 
the supplementary means for additional leakage of neutrons and may prove the observable decrease of 2.223 MeV 
intensity at the decay phase of this event. Some items, connected with abundance of 3He have been reviewed in [23].  
We have applied our method with the enhanced abundance of 3He to the January 20, 2005 flare under supposition 
the stochastic particle acceleration with Bessel’s spectrum. In [24] we used four parameters of calculations: vertical 
density profile of the solar plasma, spectral index of particles, 3He content relative to 1H in the region of interactions, 
and initial angular distribution of neutrons. We have confirmed the revealed previously the best model of the density 
of solar atmosphere (model 5 at the Fig. 2). 
In the Fig. 3 we present the comparison of the observed data and calculated ones in the supposition of three 
values of concentration ratio ț=n(3ɇɟ)/n(1ɇ); "m" is number of the model of solar atmosphere density and ĮT is the 
spectral index of accelerated protons. Fig. 3 shows the case of neutron ejection uniform angular distribution in the 
lower hemisphere. We have obtained the best approximation of the temporal profile shape for each model. For this 
purpose the calculated curves have been stepwise linearly transformed and compared with observed ones until the 
least residual sum of squares (RSS) was achieved. The same calculations were made for three values of ĮT, different 
ratios ț from 2×10-5 up to 2×10-4 for the most appropriated models 1 and 5 (only three meanings of ț=n(3ɇɟ)/n(1ɇ) 
are presented at the Fig. 3, although calculations have been made for seven meanings of ț). The RSS method, 
applied to full time of 2.223 MeV emission, revealed the most acceptable set of parameters: ĮɌ=0.1, m=5, 
ț=(1.40±0.15)×10-4 in suppositions have used. The Fig. 3 shows that for some intervals of 2.223 MeV line temporal 
profiles the modeling curves deviations from data points are significant, and the best coincidence at the separate stages 
may be not the same as obtained for the averaging over the total time of Ȗ-emission. Table 1 presents the residual sum 
of squares of modeling curves deviations from observable data points for the best set of three parameters: k, ĮT and m. 
Table 1. The RSS of modeling curves deviations from observable data points for the best set of three parameters: k, ĮT and m (ȥ is the angle of 
neutron movement direction for fan emission).  
ĮT=0.005 
           m=1                            m=5 
ĮT=0.03 
              m=1                              m=5 
ĮT=0.1 
 m=1                            m=5 
k=n(3He)/n(1H)=2.0·10-5, ȥ=89° 
1.881·105 4.376·104 1.421·105 3.249·104 1.331·105 3.056·104 
k=n(3He)/n(1H)=1.1·10-4, ȥ=89° 
9.833·104 1.504·104 6.074·104 9.054·103 5.483·104 8.286·103 
k=n(3He)/n(1H)=1.4·10-4, ȥ=89° 
7.477·104 1.366·104 4.532·104 7.482·103 4.070·104 6.860·103 
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
Fig. 2. Solar atmosphere density models. Model 1 (solid line) is the combination of model HSRA for quiet period in chromo-sphere and one of
Spruit for convective zone. Models 2, 3 are combined of higher part of model 1 and lower dashed parts. Model 5 is combined of dashed part and
two parts of model 1. Model 5 is a specially selected model that best describes the vertical profile of the density of the solar atmosphere during
flares. The detailed description of models is given in [22]. 
Fig. 3. Calculated time profiles in supposition of different combinations of k, ĮT, and m. 
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We also consider the case of fan-shaped distribution (Table 1) corresponding to the accelerated particle 
movement in the magnetic field loop in the supposition of their minimal scattering on MHD-inhomogenuities [25]. 
Produced in nuclear reactions neutrons keep in general the direction of parent particles, which reflected from the 
lower parts of magnetic loop in their Larmor movement. The considered flare was far from disc center and it may 
produce neutrons and then gamma-quanta that pass through large solar atmosphere thickness. This effect of fan-
shaped neutron direction could also explain the gamma-emission deficit comparing to previous calculations results 
in our models. Nevertheless, the results in Table 1 show that in this case, the minimum of the residual sum of 
squares achieved together with enhanced content of 3He and the agreement with the observable data is worse. 

Fig. 4 . The final best fitting of chosen partial models. 
Then we have analyzed this effect with respect to temporal evolution of density model (m), accelerated protons 
spectral index (ĮT), and 3He content (ț) during the flare. For this purpose we subdivided the full time of 2.223 MeV 
Ȗ-emission in three intervals. Then the observational data points in every interval were compared with the best 
modeling temporal profile for every of 42 combinations of m, ĮT and ț parameters for appropriate part of total time 
calculated model, and the best approximation was chosen again. Fig. 4 presents the final best fitting of chosen partial 
models. The composite model's profile allows us to make some conclusions about temporal variations of three 
parameters. We can see that the density model at the first stage of Ȗ-emission is not disturbed one and 3He content is 
not enlarged. Model 5 is being realized after ~160 s. The energy spectrum of accelerated particles is hardening with 
the time and 3He content increases from 2.0×10-5 up to 2.0×10-4 during the flare. Considering the evolution of the 
parameters we achieve a good fitting (Fig. 4) with the set of parameters in the intervals I-III are presented in Table 2. 
Table 2. The best set of composite model parameters. 
Time interval k=n(3He)/n(1H) ĮT Density model (m) 
I   170 sec (0-170 sec) 2.0×10-5 0.005 1 
II  350 sec (170-520 sec) 1.4×10-4 0.03 5 
III 300 sec (520-820 sec) 2.0×10-4 0.1 5 
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3. The January 20, 2005 event as 3He-reach flare 
Analyzing the data presented at the Fig. 4 we can receive the information about the velocity of 3He enrichment. 
In accordance with Table 2 the average n(3He)/n(1H) ratio strongly increasing (by 7 times) during flare evolution 
from the first to the second time interval from 2.0×10-5 up to 1.4×10-4 for the period of ~260 sec. Then this ratio 
slowly (by ~1.4 times) rises up to 2.0×10-4 in ~325 sec. Therefore it allows making conclusion about explosive 
character of 3He ions penetration through the region of neutrons radiative capture lines formation, i.e. about 
acceleration of 3He ions in the solar flare process. Then we have analyse processes of 3He ions passing with the loss 
of energy through the solar atmosphere until the low chromosphere and photosphere, where they generate neutron 
radiative capture line 20.58 MeV and it was shown that the energy losses of 3He ions are small enough. Indeed, 
secondary produced in solar flares nuclear reactions neutrons penetrate into deep atmospheric layers and produce 
2.223 MeV Ȗ-line. Presence of 3He leads to the additional decrease of neutron flux value and 2.223 MeV Ȗ-line 
intensity correspondingly mostly due to non-radiative neutrons absorption at 3He (n + 3He o 3H + p + 764 keV) but 
also with 20.58 MeV line formation in the process of radiative one. The particles with energy more than 30 MeV 
achieve the photosphere but even the particles with energy of 5-10 MeV can penetrate into the lower chromosphere. 
In all these layers nuclear reactions producing 2.223 MeV Ȗ-line are realized. 
We have shown that enlarged content of 3ɇɟ in the solar atmosphere is one of the most probable cause of non-
coincidence of 2.223 MeV temporary profile with one modelled in usual suppositions of n(3He)/n(1H)=2.0×10-5 
successively used in the case of previously studied flares. But we have to note that there are some other evidences to 
support the enlarged 3He content mentioned in the Section 1 and at the Fig. 1. All these phenomena, including the 
direct observations of 20.58 MeV Ȗ-line from radiative capture of neutrons by 3He, validate the conclusion about the 
enlarged content of isotope 3He in the region of nuclear reactions during the solar flare of the January 20, 2005. 
Additional discussion on 3He can be found in our articles [16, 17, 24]. For better understanding of this unusual flare, 
enriched by 3He isotope we need the more detailed study of 3He spatial and temporal variations during the flare. 
4. Conclusion 
In this work we have revealed the enlarged 3He/H ratio in the region of 2.223 MeV Ȗ-line formation. It was also 
found the fast increase of this ratio during flare rise phase and its slow changing at the subsequent phase. These 
circumstances allow us to make conclusion about explosive character of 3He ions penetration through the region of 
neutrons radiative capture lines formation. We have shown, that the enlarged content of the 3He/H ratio in the area 
of 2.223 MeV Ȗ-line production is connected with predominant acceleration of 3He ions in the area of acceleration in 
the coronal or high chromosphere layers. 
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